The leaching of Mo, Cu and Fe from MoO 3 calcines (59-61% Mo) containing 1-2% Cu, 1-2% Fe and other impurities produced from roasting molybdenite (MoS 2 ) concentrate was examined using water and a series of chloride lixiviants, including NH 4 Cl (0. Although not required, Fe was removed to <0.6% whereas most other metal impurities were removed to <0.1%. Pilot plant trials over 7 campaigns, each treating 2.0-2.2 tonnes of MoO 3 calcine containing 2.1% Cu using 1.44M NH 4 Cl and 0.97M HCl at an ambient temperature yielded final products containing 0.22% Cu as required. Mass balance calculations (closure to 96-99%) of the pilot plant trials confirm that the Mo loss during leaching is around 0.5%.
Introduction
Molybdenum trioxide (MoO 3 ) has been traditionally produced by oxidative roasting of flotation concentrates produced from molybdenite (MoS 2 ) ores (Gupta, 1992) . As the resources of high grade molybdenite are dwindling, most mineral processing plants have to treat lower grade or more complex and dirty ores. This scenario presents a great challenge to other end users as a low-grade MoO 3 cannot be used for the production of Fe-Mo alloys or hydrodesulphurization catalysts required in the petroleum refining process. An alternative secondary source of Mo is from hydrodesulphurization spent catalysts, which contain both Mo oxide and sulphide (Zeng, and Cheng, 2009a,b) . These materials require oxidative roasting or leaching before MoO 3 can be recovered.
The direct roasting of molybdenite concentrates to produce MoO 3 calcines retains impurities such as Cu, Fe, Mg, Ca, K and many non-volatile oxides, except As and Re, which render themselves in the roaster's fume. A hydrometallurgical route which includes leaching of the roasted product (MoO 3 ) and other separation techniques such as solvent extraction, ion exchange and precipitation is therefore required to remove these impurities (Misra et al., 2010) before a high grade Mo product (>99.5% MoO 3 ) can be recovered. The process has been previously reviewed by Marafi and Stanislaus (2008) and Zeng and Cheng (2009b) . Junegar and co-workers (1996) roasted a low grade concentrate (20-45% Mo, 0.35% Cu, 0.17% Ni, 1.62% Fe) with slaked lime or soda ash at 550-650 o C, followed by leaching in sulphuric acid or water to recover 99% of Mo from the feed. The dissolved Mo was recovered by
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3 activated carbon (>98% recovery), which was then precipitated as oxide at pH2. The MoO 3 product contained less than 200 mg/kg totally of all 11 impurities measured.
Shariat and co-workers (2001) treated a MoO 3 calcine (60.9% Mo, 1.3% Cu, 2.9% Fe, 0.16% S and 1.2% SiO 2 ) by first dissolving it in ammonium hydroxide. The leach liquor was then treated with ammonium disulphide to remove Cu and other base metals before precipitating molybdic acid (H 2 MoO 4 ) at pH2. The precipitate was then dissolved again in ammonium hydroxide from which ammonium paramolybdate (3(NH 4 ) 2 O.7MoO 3 ) was re-crystallised at 60 o C. The final roasted MoO 3 product contained less than 1 mg/kg each of Ca, Fe, Cu, As and 10 mg/kg of Sb.
The removal of impurities from calcines or partially roasted materials containing MoO 3 , MoO 2 and MoS 2 has also been dealt with in several patents. Brunelli and co-workers (1985) disclosed a process for removing K, Fe, Cu, Mg, Ca, etc. from an impure MoO 3 calcine, which involved leaching with a mineral acid (nitric, sulphuric or hydrochloric) mixed with an ammonium salt (nitrate, sulphate or chloride) within the temperature range 50-100 o C. The use of a higher acid/MoO 3 ratio (2.4-4.8% wt/wt) for leaching reduced K to < 50 mg/kg, but caused a higher dissolution of Mo in the leach (1-1.8%). The final stage involved re-dissolving the treated MoO 3 in ammonium hydroxide and recrystallisation to recover high purity ammonium molybdate compounds.
A similar approach based on the precipitation of magnesium complex salts (phosphate and arsenate) was patented by Cheresnowsky (1989) to deal with other impurities (As, P) which are difficult to be removed. The procedure involved an acid digestion to dissolve all metal impurities, followed by the addition of Mg salts and NH 3 -H 2 O. This process precipitated P (as MgNH 4 PO 4 ) and As (as MgNH 4 AsO 4 ) in addition to other metal hydroxides. The solubilised ammonium molybdate was re-crystallised. In another patent (Ronzio et al, 1976) in the pH range 2.5-6.5 (Zeng and Cheng, 2009b; Gupta, 1992) .
Review of chemical speciation and Eh-pH diagrams of Mo solutions
There is a possibility of re-precipitation of molybdate salts from Mo(VI), Fe(III) and Cu(II) ions formed during leaching (Gupta, 1992 (Gupta, 1992 (Gupta, 1992) . Thus, it is important to examine the different species which may be formed or precipitated during the purification of MoO 3
containing Cu and Fe impurities on the basis of Eh-pH and species distribution diagrams. According to Fig. 2a , the dissolution of MoO 3 has to be conducted at pH<0.5 in order to avoid the precipitation of Cu as copper molybdate species, which would remain in the refined MoO 3 calcine after treatment. There are other issues such as the formation of chloro-complexes at increasing chloride content which affect the solubility of metal ions and kinetics of (Bryce and Berk, 1995; Kimura et al., 1984; Senanayake and Muir, 1988) . Using Raman spectroscopy, Marston and Bush (1972) . From the speciation modeling and distribution of these species reported in detail by Kimura et al. (1984) , Awakura et al. (1987) Muir, 1988, 2003 using an overhead stirrer. Samples were taken at different time intervals, filtered using a 0.5 micron filter (Advantec 5C) and then analysed for Fe, Cu and Mo using ICP-AES. The
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7 precipitate formed during the tests was collected and subjected to XRD analysis using a Rigaku D/MAS Ultima X-Ray diffractometer. The compositions of the untreated and treated calcines were also determined after full digestion and the resulting solutions and leach liquors analysed by ICP-AES. The solution potential (Eh) was measured using a platinum wire electrode relative to a standard calomel electrode (SCE) and pH of the solutions was also monitored throughout most tests.
Results and discussion

1 Characterisation of the untreated and treated MoO 3 calcines
Particle size analysis of the untreated MoO 3 calcine shows a size distribution in a wide range from <1 µm to 200 µm, with a mean particle size, d 50 of 70 µm. The initial rapid decrease in pH is followed by a slow decrease within 2 hours (Fig 4) indicating a continuous generation of acid throughout the test. The theoretical solubility for pure (Fig. 5a) . These values increase to ~20% for Cu and ~8% for Mo at 70 o C (Fig. 5b) . The iron dissolution after 2 hours increases from 20% at in these conditions. This suggests that other reactions such as the reduction of MoO 3 by the dissolved Fe(II) species might have taken place to enhance its dissolution. causes faster initial dissolution of Cu reaching a plateau at ~90% dissolution in 1.40M HCl after 1 hour, as shown in Fig. 6b . In contrast Fe dissolves at a slower initial rate with a maximum dissolution at 80% after 2h (Fig. 6c ). An increase in HCl concentration over 0.35M leads to the higher dissolution of Mo, after 40-60 min, unlike Cu and Fe (Figs. 6b&c) . The Mo dissolution in in the oxidized zone. (Fig. 7b ), compared to water alone (Fig.5) indicating that the Cu(I)/(II) ammonia and/or chloride complexation assists the leaching. However, NH 4 Cl does not seem to affect the leaching of Cu in 0.7 M HCl as it could reach 80-90% dissolution within 20 minutes (Fig. 7b) . The effect of increasing chloride, added as NH 4 Cl, is more pronounced for the Fe leaching as shown in Fig. 7c , where the Fe extraction increases as the lixiviant changed from 0.6M NH 4 Cl to 0.7M HCl and to a mixture of 0.7M HCl + 0.6M NH 4 Cl ( Fig. 8 . Fig. 6b shows no benefit when the HCl acid of >0.7M was used to dissolve copper from calcines containing 1.04% Cu. From Fig. 7a , the passivation of Mo seems to be highest at ammonium chloride concentration of 0.6M when Mo dissolution was limited to less than 1%. No benefit was gained at 0.93M NH 4 Cl. Mixtures of 0.7M HCl + 0.6M NH 4 Cl were therefore used for the removal of copper from Mo calcines containing 1.04% Cu.
Leaching in water
Leaching in HCl solutions
Leaching in HCl+NH 4 Cl solutions
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Effect of elevated temperature
The effect of increasing temperature on the two processes involved, namely ( However, the increasing dissolution of Mo after 10 min at 50 o C has been observed (Fig. 9a) indicating the two opposite processes taking place which have to be optimized for the treatment of MoO 3 calcine. At the optimum conditions, copper from MoO 3 calcines containing 1.04% Cu could be removed to <0.5% within 1 hour, while the dissolution of Mo is limited to <0.5%
( Table 3 ). The full analysis by ICP-AES of the product produced from this process shows that other impurities such as Zn, K, Al, etc. could also be removed from the calcine products to <0.1% (Table 2 ).
6 Pilot Plant Study
The first series of experiments were conducted with MoO 3 calcines containing 1.04% Cu, conditions and results of which are summarized in Table 3 The overall mass balance and the results of the trials are summarized in Table 5 , showing the amounts of feed, materials collected after treatment (leachant, wash solutions and solids recovered) and the final product and its grade. Fe dissolved in the leached liquor was not measured during the pilot plant studies although it is expected that 7-10 g/L of Fe would be found in the leach liquor (Fig. 3c ). This would be equivalent to 240-250 kg (similarly to Cu mass balance) in the leach liquor and wash solution which would account for 2-3% weight loss from the feed. The overall mass balance therefore is close to 99%.
The resulting wash liquors containing Fe and Cu could be further treated in a solvent extraction circuit. The process describing this treatment was reported in earlier papers (An et al, 2009a&b) 
